The prediction method for heat flux in the pseudo-shock region is improved based on data measurements taken during ramjet-mode experiments. Combustion experiments using a ramjet-mode combustor are conducted to investigate heat flux in the pseudo-shock region. The heat flux is measured in the region with and without combustion. The heat transfer coefficient is modified using the Stanton number and specific heat under combustion. Using modified coefficients, the modified heat transfer coefficient ratios show the same relation to the pressure ratios as those without combustion. The ratio of heat transfer coefficients is calculated using a single equation. The calculation method can predict the experimental results of heat flux in the pseudo-shock region with combustion in the divergent duct.
Introduction
Using a combustor for air-breathing engines and a diffuser of the test facilities, a supersonic flow is decelerated to subsonic throughout the whole interaction region. In this sense, the interaction region, including the shock train in it, is referred to as "pseudo-shock."
1) The calculation of heat flux in the pseudo-shock region in the combustor and diffuser is important for predicting cooling requirements.
Studies have been conducted for prediction of the heat transfer in supersonic diffusers. Back et al. 2) and Zaikovskii et al. 3) reported on heat transfer in supersonic diffusers. Back and Cuffel gave an empirical equation between wall static pressure and heat transfer coefficient in the shock wave impingement on the turbulent boundary layer. 4) When shock wave-boundary layer interaction occurs in a supersonic flow, heat transfer distribution shows complexity. Cuffel and Back gave an empirical equation between wall static pressure and heat transfer coefficient in the pseudo-shock region.
5) It was the prediction of heat transfer in a constant cross-sectional area without combustion.
In this study, heat flux in the pseudo-shock region is measured in a divergent duct with combustion flow. Then, calculation of the heat flux in the divergent duct and the heat flux with combustion is attempted. The combustion experiments with a ramjet-mode combustor are conducted to measure heat flux in the divergent duct with pseudo-shock. The modified prediction method of heat flux in the pseudo-shock region is verified with the data measurements taken during the ramjet-mode experiments. Figure 1 shows a schematic illustration of the ramjet combustor test facility and the combustor model used in this study. The dual-mode combustor model is directly connected to a Mach 2.5 blowdown-type wind tunnel. Fuel is injected from the injection position of 'inj6' (x ¼ 432:8 mm) in Fig. 1 . This fuel injection position is mainly used in this study. x indicates the distance from the backward-facing step. Room-temperature hydrogen gas is injected vertically.
Experimental Facility

Test facility and combustor model
The airflow is heated in a hydrogen vitiation heater. The total pressure of the air used in this test series is 1.0 MPa, and the total temperature is 800 K, 1,000 K, or 1,400 K. The combustor model is made of stainless steel, which is not cooled. There is a divergent duct section downstream of the straight duct section. The fuel is injected in the divergent duct and the pseudo-shock is generated. The angle of the divergent section is 3.4 deg. Combustion gas flew out from the downstream straight duct. The cross-section of the straight duct upstream of the divergent duct is 38:4 Â 147:3 mm. The ratio of the cross-sectional area at the upstream straight section to that of the fuel injection position is 1:1.47. Details of the test facility and combustor model are found in Kato et al. 6) 
Measurements
For each experimental condition, wall pressure, heat flux, and wall temperature are measured. Pressure taps are installed on the centerline of the side walls. The wall pressures are measured using pressure sensors with the scanning valves (Scanni-valve Company, range of 0-360 kPa). The measurement accuracy is AE0.1 kPa. The sampling rate is 20 Hz. Gas sampling is also conducted through these pressure taps near the fuel injection position to investigate the spread of fuel. Sampled gas is analyzed by gas chromatography (Micro-GC CP4900©). The pitot rake is installed at the exit of the downstream straight duct. Gas sampling is also conducted using this pitot rake.
The symbol, 'þ', in Fig. 1 shows the positions of the heat flux sensors. Gardon-type heat flux sensors are used to measure heat flux. The heat flux sensors are located at
, and x ¼ 528 mm, respectively. As described later, the heat flux measurement points are in the pseudo-shock region and upstream of the beginning of the pseudo-shock. Figure 2 shows a schematic illustration of the heat flux adapter. The sensor is assembled with an adaptor made of stainless steel to be installed on the side wall of the combustor. In this adapter, a thermocouple is installed to measure wall temperature near the heat flux sensor in depth at a 1 mm from the surface of the side wall of the combustor. The output of the heat flux sensor shows a steadystate condition, and the heat flux is measured during this condition, 2.4 s. Figure 3 shows one of the outputs of the heat flux sensor. This is the output of the amplifier. The measurement accuracy of the heat flux sensor is AE3%. Figure 4 shows one of the distributions of wall pressure and heat flux. The fuel is injected from 'Inj6' in Fig. 1 . The maximum wall pressure appears at the fuel injection position. According to the measured pitot pressure and sampled gas properties, the combustion gas chokes at the exit of the duct. To examine the combustion conditions, one-dimen- Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 5, 2016 sional calculation is conducted. The features and procedures of the calculation are as follows:
Results and Discussion
Distributions of wall pressure and heat flux
1) The measured wall pressures are inputs and the distributions of the combustion efficiency and Mach number are outputs.
2) Mass, energy, and impulse function are conserved.
3) Fuel is distributed only downstream of the injector. 4) Displacement thickness is assumed to be upstream of the fuel injector and no velocity in the separation region is assumed.
5) Downstream of the fuel injection, no separation is assumed.
6) Downstream of the fuel injection, the conservations are satisfied by changing the combustion efficiency. Details are described in Kato et al. 6 ) Figure 5 shows the distribution of Mach number at the vertical centerline of the exit of the downstream straight duct. This is calculated based on gas sampling and pitot pressure data. The average Mach number is 1.1 at the center of the exit. Figure 6 shows wall pressure distribution and Mach number distribution estimated by one-dimensional calculation based on measured wall pressure. The wall pressure increases in the divergent duct due to pseudo-shock. The flow decreases and the pressure recovers. When fuel is injected, the flow accelerates due to combustion and the pressure decreases. The estimated Mach number decreases to below unity in the divergent duct and increases to Mach 1 at the exit of the straight duct downstream. The choking at the exit of the combustor is evaluated using the properties at the exit plane and one-dimensional calculation. This choking is due to the effect of heating. The rise in wall pressure upstream of the fuel injection position is due to the pseudo-shock.
Investigation of the distribution of the fuel
To investigate how far the injected fuel traveled upstream from the fuel injection position, gas sampling from the wall pressure measurement taps is conducted. Figure 7 shows the distribution of the equivalence ratios resulting from the gas sampling.
Though the rise in wall pressure begins far upstream of the fuel injection position, fuel does not travel upstream. This means that the fuel did not go upstream in the pseudo-shock region. This agrees with the assumption in the one-dimensional calculation that fuel is distributed only downstream of the fuel injector. The heat flux is measured upstream of the fuel injection position (without combustion) and downstream of the fuel injection position (with combustion) in the pseudo-shock region. This means that the heat transfer upstream of the fuel injection position occurs from the gas without combustion and the heat transfer downstream of the fuel injection position occurs from the gas with combustion. The heat transfer without combustion was caused by the airflow from the vitiation heater. On the contrary, the heat transfer with combustion was caused by the airflow from the vitiation heater and the combustion gas.
Calculation of heat flux without combustion
Cuffel and Back investigated the relationship between heat transfer coefficient and wall static pressure along the pseudoshock region without combustion in the constant crosssectional area supersonic diffuser.
5) The ratio of heat transfer coefficient in the pseudo-shock region to that in the region upstream of the pseudo-shock region varied, being approxi- Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 5, 2016 mately a power of 0.8 to the ratio of the wall pressure in the pseudo-shock region and that upstream of the pseudo-shock region.
where, h is a heat flux coefficient, h 1 is the heat flux coefficient upstream of the pseudo-shock, p is the wall pressure, and p 1 is the wall pressure upstream of the pseudo-shock region. Figure 8 shows the relationship between the ratio of heat transfer coefficient and that of the wall pressure in the present study. The data p 1 and h 1 are at x ¼ À20 mm, which was upstream of the pseudo-shock region. Our measured data without combustion upstream of the fuel injection position shows good agreement with data of Cuffel and Back. This means that the 0.8-power law empirical relation is applicable to not only the constant area duct, but also the divergent duct. Equations (1) is modified to
where, c is a constant. The constant c is 0.4 based on the data. Equation (2) is shown in Fig. 8 . Equation (2) will be useful for estimating heat flux in the diffuser of the test facilities. Figure 9 shows the relationship between heat transfer coefficient and wall pressure. It includes not only the data in the region without combustion, but also the data in the region with combustion. Table 1 shows the test conditions. The experimental conditions in Cuffel and Back were a constant cross-sectional area supersonic diffuser without combustion under a Mach number of 2.9, total temperature 835 K, and total pressure 6.55 atm.
Calculation of heat flux with combustion
Compared with Fig. 8 , the data with combustion shows that the relationship of the 0.8-power law is not kept. Accordingly, modification for change in the thermal properties caused by combustion is applied. The equation for the heat transfer coefficient is:
where, S T is the Stanton number, µ is the density, u is the velocity, C p is the specific heat, _ m is the mass rate of flow, and A is the cross-sectional area. The mass rates of flow without combustion are 2,400 g/s, 2,100 g/s, and 1,800 g/s for 800 K, 1,000 K, and 1,400 K of total temperature of vitiated air. The mass rates of flow of injected fuel are 23.4 g/s, 25.6 g/s, and 35.1 g/s for the equivalence ratios of 0.3, 0.4, and 0.6, respectively, for the test conditions shown in Table 1 . The difference of fuel between _ m without combustion due to injection, that is, at the pseudo-shock starting position and _ m with combustion (i.e., downstream of the fuel injection position) is less than 2%.
The specific heat and Stanton number are modified when the heat transfer coefficient is calculated. CEA 7) is used for calculation of the thermal properties. CEA is a program which calculates chemical equilibrium compositions of complex mixtures with applications to several types of problems. The Reynolds analogy is used to calculate the Stanton number.
8)
where, C f is a friction coefficient. The formula for flat plate is used to calculate the friction coefficient. where, Re x0 is the Reynolds number based on distance from the vitiation heater. The heat transfer coefficient with combustion is modified by the following, Eq. (7):
where, h Ã is the heat transfer coefficient of combustion gas, S T Ã is the Stanton number of combustion gas, and C p Ã is the specific heat of combustion gas. Figure 10 shows the relationship between heat transfer coefficient ratio and wall pressure ratio. The modified heat transfer coefficient ratios are in the vicinity of the ratios without combustion. The data measured in the pseudo-shock region shows good agreement with the power law dependence. The line in Fig. 10 is the same as the line in Fig. 8 , that is, c ¼ 0:4. The data used in Fig. 10 shows the relationship between the ratio of heat transfer coefficient and that of wall pressure for both regions with and without combustion.
The modification of heat transfer coefficient is calculated using the following procedure:
1) The heat transfer coefficient in an arbitrary location in the pseudo-shock region, h, is calculated using Eq. (2) without combustion condition.
2) Then, the heat transfer coefficient is modified using the ratios of the Stanton number and specific heat without combustion to ratios of Stanton number and specific heat with combustion using Eq. (8) .
In the region with combustion, the heat flux is calculated using the modified heat transfer coefficient of h Ã . Using this modification, the present heat flux calculated for the pseudoshock region with combustion shows good agreement with the experimental results.
Conclusion
The method to estimate heat flux in the pseudo-shock region is studied. The heat flux in the divergent duct was measured and the similarity of the relationship in the constant cross-sectional duct was examined.
(1) The ratio of heat transfer coefficient in the pseudoshock region to that in the region upstream of the pseudoshock region varied, being approximately a power of 0.8 to the ratio of the wall pressure in the pseudo-shock region and that upstream of the pseudo-shock region.
(2) Under the combustion conditions, the relationship between the ratio of heat transfer and wall pressure did not show good agreement with the relationship without combustion.
(3) Using modification of the Stanton number and specific heat, the method can predict the present experimentally measured heat flux in the pseudo-shock region with combustion in the divergent duct.
